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Fusarium graminearum, the main etiological agent of Fusarium head bligh, has high intraspecific genetic diversity, which is
related to the variability in the aggressiveness among isolates against wheat. The aggressiveness involves different mechanisms
as the production and liberation of extracellular enzymes and mycotoxins. In the present paper, several F. graminearum isolates
obtained from wheat spikes from Pampas region, Argentina, were screened for polygalacturonase (pectinase), proteolytic, and
lipase extracellular enzymatic activities production, as well as for the capacity to produce deoxynivalenol.The enzymatic production
in terms of magnitude was varied among isolates, which could be related to a differential capacity to infect wheat. Both
polygalacturonase as proteolytic activities had amaximum activity in the first days of incubation. Instead, the lipase activity reached
its maximum activity after advanced incubation time. Deoxynivalenol production was delayed over time with respect to the first
enzymatic activities, which would infer its relation to the progress of the disease in the host, more than with the early stages of
infection. The characterization carried out in this research would allow us to apply a selection criterion among isolates for further
research.
1. Introduction
Fusarium head blight (FHB) is one of the most devastat-
ing diseases of small-grain cereals. Severe epidemics have
occurred all over the world, affecting wheat in all cropping
areas around theworld, including those inArgentina, altering
the yield and quality of grains, as manifest in their weight,
carbohydrate and protein composition, and the mycotoxins
presence such as deoxynivalenol (DON) [1–3]. Fusarium
graminearum is the main etiologic agent of this disease in
South America. The aggressiveness of F. graminearum invo-
lves different mechanisms or components, as the production
and release of extracellular enzymes that degrade the cell wall
(CWDEs) which are crucial in the processes of colonization
and establishment of the disease [4–6]. Therefore, a reduced
secretion of enzymes might retard both the fungal growth
on the host surface and the infective process, thus giving
the host more time to muster a defensive response [7–9].
Once the infection is established, mycotoxins are released
and they interfere with themetabolism, physiologic processes
and structural integrity of the host cell [10]. The CWDEs
participation in the infection process, by Fusarium spp. has
been analyzed through diversemethodologies, which include
cytological, ultrastructural, immunological, and molecular
DNA studies; the results obtained suggest that these enzymes
might be important phytopathogenicity factors during infec-
tion of wheat spikes [11–13].
Phalip et al. [14] analyzed the diversity of F. graminearum
exoproteome grown on plant cell wall and identified proteins
belonging to 24 different enzyme classes involved in the
digestion of the complete plant cell wall. Although, F. gramin-
earum produced diverse CWDE such as cellulases, xylanases,
and pectinases during the infection inwheat spikes, the pectic
enzymes are the first polysaccharidases to be induced when
fungi are cultured on isolated plant cell walls and the first
to be produced in infected tissue. These enzymes soften the
cell walls, increasing accessibility of cell wall components for
degradation by other enzymes, enabling the success of further
infection steps and the spread of the mycelium into the inner
tissues of the plant [4, 15–18]. Due to the crucial role of pectic
enzymes, as the polygalacturonase activity, in the process
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of colonization, they are often required for full virulence
[15].
Another group of relevant enzymes in phytopathogenic
process are those catalyzing proteolysis, referred to as pro-
teases or proteolytic activities. Together with the CWDEs,
the proteases act at an early stage of infection to degrade the
structural proteins of the cell walls in order to invade the
host. At a later stage these enzymes are responsible for the
degradation of the grain’s storage proteins, altering the quality
parameters of raw material [19–21].
Although the role of lipases in the infection process by
F. graminearum in wheat has been scarcely reported, it
suggested their importance in the penetration of fungal hyp-
hae in the host [9, 22]. On observation of the subcuticular
growth of F. graminearum after host penetration, Pritsch et
al. [23] suggested that lipases might have participated to a
certain extent in the prior degradation of the cuticle.
Regarding the mycotoxins, it is considered that they may
have a more consequential influence on the progress of infe-
ctions on cereal plants than as phytopathogenicity factors
determining the capability of infection [24, 25]. The main
mycotoxin produced by F. graminearum is the DON and
its precursors. In some instances, a strong association has
been found between the severity of the FHB and DON
concentration in infected grains [26].
The high genetic diversity present in F. graminearum
would be related to the variability in aggressiveness among
isolates towards the host and thus with their capacity to
produce enzymes and mycotoxins. Therefore, the character-
ization conducted in this research is useful, since it allows
applying a selection criterion among isolates for further
investigation.
2. Material and Methods
2.1. Biological Material. Eleven F. graminearum isolates were
obtained from wheat spikes from different sites of Pampas
region, Argentina (named as numbers 1 to 11). The mono-
sporic isolates were kept in tubes with 2% synthetic nutrient
agar (SNA: 0.1% KH
2
PO
4
, 0.1% KNO
3
, 0.05% MgSO
4
⋅7H
2
O,
0.05%KCl, 0.02% glucose, 0.02% sucrose, and 2% agar) under
a layer of mineral oil at 4∘C.
2.2. Enzymatic Analysis
2.2.1. Polygalacturonase Activity
Culture Conditions. The isolates were cultivated for 15 days
in a modified Czapek-Dox medium (0.2% C
4
H1
2
N
2
O
6
, 0.1%
KH
2
PO
4
, 0.05% MgSO
4
⋅7H
2
O, 0.05% KCl, 0.25% glucose,
0.125% citrus pectin and 0.125% commercial oat bran as
carbon sources and/or enzyme inducers, 0.1% yeast extract,
and 0.1mL traces elements; containing 1mL of this solu-
tion: 100mg Na
2
B
4
O
7
⋅10H
2
O, 70mg ZnSO
4
⋅7H
2
O, 50mg
FeSO
4
⋅7H
2
O, 10mg CuSO
4
⋅5H
2
O, 10mg MnSO
4
⋅4H
2
O,
10mg (NH
4
)
6
Mo
7
O
24
⋅4H
2
O) [27] at 28∘C in darkness, under
shaking (150 rpm) in 125mL Erlenmeyer flasks containing
25mL of medium. The inoculum was prepared from 5mm
plugs cut out from the margin of a 5-day-old colony growing
on Petri dishes containing 2% potato agar at 26∘C.The whole
content of each Erlenmeyer was withdrawn periodically for
15 days. The supernatant was separated from the mycelium
by centrifugation at 7,650×g for 30min and stored at −20∘C
until dosage.
Polygalacturonase Activity Assay. Polygalacturonase (PG)
activity was determined at 40∘C by using 450𝜇L of 0.1%
polygalacturonic acid as substrate with 50mM acetate buffer,
pH 5.0, and 50𝜇L of enzymatic extract. The enzymatic
activity was determined by measuring the liberation of
reducing groups by Somogyi method [28]. Each measure
was determined after subtracting two blanks, one without
substrate and the other one without enzymatic extract. One
enzymatic unit was defined as the amount of necessary
enzyme to release 1 𝜇mol of uronic acid per minute under the
above mentioned reaction conditions. Protein content was
determined by the Bradford method [29].
2.2.2. Proteolytic Activity
Culture Conditions. The inoculum was prepared from 5mm
plugs cut out from the margin of a 5-day-old colony growing
on Petri dishes containing 2% potato agar at 26∘C. Preculture
was performed in complete medium and incubated for 24 h
under shaking (150 rpm) at 28∘C and darkness. The pre-
culture was inoculated into Erlenmeyer flasks of 500 mL
with 200 mL of protease inducer medium according to
Hellweg [30], with the addition of vital gluten as an inducer.
Incubation was carried out under shaking (150 rpm) at 28∘C
and darkness. Samples were taken periodically for 15 days.
The supernatant was stored at −20∘C until dosage.
Proteolytic Activity Assay. Assays were performed on casein.
The reaction mixture contained 1.1 mL of 1% casein solution
and 0.1mL of enzyme solution, both in 0.1M Tris-HCl buffer
(pH 8.0) containing 10mMcysteine.The reactionwas carried
out at 37∘C and stopped by the addition of 5% trichloroacetic
acid (1.8mL); then each test tube was centrifuged at 4000×g
for 20min and the absorbance of the supernatant was read
at 280 nm. Each measure was determined after subtracting
two blanks, one without substrate and the other one without
enzymatic extract. An arbitrary enzyme unit (“caseinolytic
unit,” Ucas) was defined as the amount of enzyme that
produces an increase of one absorbance unit (1 cm light-path)
per minute in the assay conditions [31].
2.2.3. Lipase Activity
Culture Conditions. Cultures were performed in 1000mL
Erlenmeyers with 200mL culturemedium containing 50mM
phosphate buffer, pH 7.0, 1% yeast extract, 1% tryptone,
and 1% olive oil emulsion (10% olive oil and 1% Tween 80
emulsified in blender for 3min).The inoculum was prepared
from 5mm plugs cut out from the margin of a 5-day-old
colony growing on Petri dishes containing 2% potato agar
at 26∘C. Incubation was carried out under shaking (150 rpm)
at 28∘C and darkness. Samples were taken periodically for 15
days. The supernatant was stored at −20∘C until dosage.
Lipase Activity Assay. Lipase hydrolytic activity was mea-
sured spectrophotometrically at 440 nm with p-nitrophenyl
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palmitate (p-NPP, 1mM in acetone) as substrate at 37∘C in
50mM Tris-HCl buffer (pH 7.0). Each measure was deter-
mined after subtracting two blanks, one without substrate
and the other one without enzymatic extract. One unit
of enzyme activity was defined as the amount of enzyme
that releases 1 𝜇mol of p-NPP per minute under the above
mentioned reaction conditions.
2.3. Determination of Deoxynivalenol
2.3.1. Gamma Sterilization ofWheat Grains and Adjustment of
the Water Activity. Wheat grains were irradiated with 10–12
KGrays of gamma irradiation to retain the grain germinative
ability. The grains were checked for sterility and absence of
deoxynivalenol (DON) and stored aseptically at 4∘C. Flasks
were subsequently refrigerated at 4∘C for 48 h with peri-
odic manual agitation to allow absorption and equilibrium.
Finally, 𝑎
𝑊
levelswere confirmedby using anAqualab Series 3
(Labcell Ltd., Basingstoke, Hants, UK) and the corresponding
absorption curve for each item was performed. Initial 𝑎
𝑊
grains were also measured and then rehydrated, according to
the curve to get the desired 𝑎
𝑊
(0.995), which is the optimum
𝑎
𝑊
for DON production [32, 33].
2.3.2. Inoculation and Incubation. Rehydrated wheat grains
were placed in sterile 9 cm Petri dishes to form a monolayer
of grains (20 g). Then a 4mm diameter agar disk was taken
from themargin of a 7-day-old growing colony of each isolate
on potato dextrose agar (PDA) at 25∘C and transferred to the
centre of each plate. Petri plates were placed in closed plastic
containers together with beakers of glycerol-water solution
at 0.995 𝑎
𝑊
in order to maintain the correct equilibrium of
relative humidity inside the boxes. Containerswere incubated
at 28∘C during a maximum period of twelve days.
2.3.3. Extraction of Deoxynivalenol. DON analyses were car-
ried out following the methodology proposed by Cooney
et al. [34] with some modifications. After 3, 5, 8, and
10 days of incubation, two replicates per treatment were
destructively sampled, dried at 60∘C for 24 h, and stored
at −20∘C. A 15 g portion of a finely ground wheat sam-
ple was added to an Erlenmeyer flask along with 40mL
mixture of acetonitrile : methanol (14 : 1). The mixture was
shaken (150 rpm) for one hour and filtered throughWhatman
N∘1 filter to remove particulate matter. An aliquot of two
milliliters of each portion was taken and added to a cleanup
cartridge, which were prepared with a 3mL disposable
syringe. Packing consisted of a filter paper disk, followed by a
layer of glass wool and 500mg of mixture of alumina: carbon
(20 : 1). DON was eluted from the column with 500 𝜇L of
acetonitrile : methanol : water (80 : 5 : 15) (HPLC grade) at a
flow rate of 1 drop per second and the combined elude was
evaporated with nitrogen at 50∘C.
2.3.4. Quantification of Deoxynivalenol. The evaporated
extract was resuspended in 500𝜇L ofmethanol : water (95 : 5)
and injected into the high performance liquid chromatograph
(HPLC). Detection and quantification of DON from the
dried extracts were performed by HPLC (Waters 717 plus
Autosampler) with UV detector (220 nm). The chromato-
graphic separations were carried out on a C
18
reverse phase
column (150 × 4.6mm, 5𝜇m particle size, waters). The
mobile phase used amixture of water :methanol (88 : 12).The
flow of the mobile phase was 1.5mLmin−1. The solutions
were prepared by dissolving DON standard (Sigma Aldrich
Co., St. Louis, MO, USA, purity > 99%) with methanol.
Quantification was performed by measuring the peaks and
extrapolation to a calibration curve obtained using standard
solutions using the Empower software.
2.4. Statistical Analysis. Datawere analyzed statistically using
PROC GLM in SAS program (SAS Institute Inc., Cary, NC,
USA) through an ANOVA. Means were compared by Fishers
LSD test to determine the significant difference between the
different treatments assayed.
3. Results
Eleven F. graminearum isolates obtained from wheat spikes
from Pampas region, Argentina, were cultured in different
media for several days, and samples were taken daily from
supernatants of the respective culture media, and the enzy-
matic activities were assessed, to obtain the moment of the
highest enzyme activity.
3.1. Enzymatic Analysis
Polygalacturonase Activity. Enzyme activity of PG against
polygalacturonic acid was maximal between the 2nd and 3rd
day of incubation for all studied isolates (which ranged from
9 to 130U/mL); then the activity decreased gradually with
time, until it remained at constant levels on the end of culture
time. The maximum value of PG activity was detected in the
isolate number 1, reaching a maximum of 130U/mL at 2nd
incubation day. Three of the isolates showed very low values
of PG activity in relation to the other ones (9, 10, and 11), while
the other isolates produced high polygalacturonase activity,
with differences among them, as shown in Figure 1.
Proteolytic Activity. The proteolytic activity of the isolates,
showed a pattern similar to the PG activity, reaching maxi-
mum values between 2nd and 3rd day of incubation (which
ranged from 1 to 11 U/mL). Of the 11 isolates studied, only
three of them showed low activity (8, 9, and 11) in relation
to the other ones. The highest activity value was detected
in isolate number 1 at the 2nd day of incubation (11 U/mL),
coinciding with the one observed for PG activity (Figure 2).
From the three isolates with low proteolytic activity, two of
them showed also low PG activity (9 and 11).
Lipase Activity. As regards the lipase activity produced dur-
ing the incubation time, two isolates were not capable of
producing this enzymatic activity (5 and 9). The first isolate
showed low activity for the other tested enzymes. For the
remaining isolates, the activity increased gradually reaching
maximum values between the 12th and 14th incubation day
(which ranged from 3 to 15U/mL), then the activity gradually
decreased. The maximum value for lipase activity was also
detected in isolate number 1 (15U/mL) on the 12th incubation
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Figure 1: Polygalacturonase activity produced by F. graminearum
isolates over an incubation maximum period of 15 days. Values are
means of 8 replicates.
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Figure 2: Protease activity produced byF. graminearum isolates over
an incubation maximum period of 15 days. Values are means of 8
replicates.
day. Comparatively, the isolates number 4, 10, 11, and 8 had
low to medium activity, and the rest of them had medium to
high activity (Figure 3).
3.2. Determination of Deoxynivalenol. No DON was found,
as expected, at early stage of infection (3 days) for any of the
analyzed isolates. Then, two of them (1 and 2) were able to
produce higher concentrations as incubation time increased
reaching maximum DON levels at 10 days of incubation,
with no statistically significant difference (50.7 and 52.3 𝜇g/g,
resp.), while DON production by the isolates 4, 9, and 10
was only detected at 10 days of incubation (42.4, 31.5, and
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Figure 3: Lipase activity produced by F. graminearum isolates over
an incubation maximum period of 15 days. Values are means of 8
replicates.
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Figure 4: Mean DON production (𝜇g/g) by F. graminearum isolates
on irradiated wheat grain at 0.995 𝑎
𝑊
level and 30∘C over an
incubation maximum period of 10 days. Values are means of 3
replicates. The letters in common are not significantly different
according to LSD test (𝑃 < 0.0001).
16.8 𝜇g/g resp.). The remaining isolates did not produce
DON during the evaluated incubation period (Figure 4).The
statistical analysis showed that both the isolates and the days
of incubation influence significantly DON production (𝑃 <
0.0001).
3.3. Statistical Analysis. The analysis of variance of the effect
of single factor (isolates and days) showed that all factors
alone and all interactions were statistically significant (𝑃 <
0.0001) in relation to the corresponding enzymatic activity
(Table 1).
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Table 1: Analysis of variance of days (𝑑) and different isolates (𝑖) and their interactions on PGase, protease, and lipase activity, respectively.
Variation source df PGase Protease Lipase df DON
MS 𝐹 MS 𝐹 MS 𝐹 MS 𝐹
𝑖 10 23264.22 174.31∗ 332.57 872.37∗ 767.70 1923.79∗ 3 1479.13 190.63∗
𝑑 14 12725.49 95.35∗ 238.63 625.97∗ 389.02 974.87∗ 4 4414.26 568.92∗
𝑖 × 𝑑 140 824.42 6.18∗ 11.90 31.22∗ 34.38 86.15∗ 12 371.73 47.91∗
𝑅
2 0.77 0.95 0.97 0.99
df: degrees of freedom.
MS: mean square.
𝐹: 𝐹-Snedecor.
∗Significant 𝑃 < 0.0001.
4. Discussion
Since the substantial economic losses in cereal result from
F. graminearum infection, and considering the variability
among isolates of the species, their earlier characterization is
useful as the initial measure for further research.
FHB infection consists of two phases, initial infection and
spread of disease symptoms within a wheat spike. In the first
48 hours the initial biotrophic phase develops, with growth of
intercellular fungal hyphae in the host, being the stage where
enzymes play a decisive role. Then, the necrotrophic phase is
developed with intracellular hyphae growth in the host and
beginning of mycotoxin production [35]. Even though, the
initial infection or establishment of infection depends on the
inoculum level, environmental conditions, and the state of
development of the host; it is appropriate to consider also the
aggressiveness variation among isolates as Malbra´n et al. [3]
suggested.
The infection process of Fusarium spp. onwheat spike has
been extensively studied by observing degradation of host cell
wall components and localization of trichothecene toxins by
means of different methodologies such as enzyme-gold and
immunogold labelling followed by electron microscopy [7, 8,
12, 36, 37].
The present study provides tools as selection criteria
of F. graminearum isolates for further investigation, as the
evaluation of behavior of wheat genotypes to FHB and the
detection of new sources of resistance among different wheat
lines and cultivars. Therefore it is necessary to select one F.
graminearum isolate through feasible procedures and not to
get too extended in time focusing on performing that aim.
Since the aggressiveness is determined by various factors
and variables, different criteria can be used to estimate the
infectivity of the inoculum obtained from isolates. The crite-
ria used are estimates, not conclusive, which could be consi-
dered as complementary data. For this reason, the detection
and analysis of some enzymatic activities were selected,
according to the relevance of their function in the infective
process. The pectinases are crucial to start the infection
process, allowing the action of other enzymes. On the other
hand, the loss of grain quality for their marketing focuses
on the action of proteases on storage proteins and myco-
toxin content. Moreover, although lipases have been scarcely
studied, they would act to a certain extenst in the prior
degradation of the external cuticle. Since this paper analyzes
simultaneously both, the in vitro enzymatic activity and the
DON production as estimative of isolates aggressiveness,
the criterion proposed for characterization and selection of
isolates would result in a novel approach.
In this report, the PG and proteolytic enzymatic activities
were detected for all isolates in an early stage of the incubation
time. Regarding the lipase activity, only in two isolates the
activity was not detected, reaching in the other isolates the
maximum value at the higher incubation periods. In general,
production patterns obtained during the incubation time
were similar, with a different magnitude.
In fact, F. graminearum isolates produced in vitro enz-
ymes, which is a good indication that it may also occur unde-
r natural conditions. Jenczmionka and Scha¨fer [9] deter-
mined by using modified genotypes that F. graminearum can
produce various cell wall degrading enzymes in vitro and ana-
lyzed their regulation, suggesting that the initial infection
depends of the secretion of these enzymes. In agreement
with those authors, the analyzed isolates in the present study
produce enzymes considered necessary for infect process in
wheat. Schwarz et al. [38] also determined from assay in
greenhouse that both CWDE as the proteases are involved
in the colonization of the grain and consequent reduction of
their quality.
Our results showed that at least a minimum of five days
of incubation were required for some isolates (and evenmore
incubation time for the others) to produce detectable DON
concentrations, which would infer its relation with the pro-
gress of the disease in wheat, more than with the early sta-
ges of infection by F. graminearum as Bai et al. [35] repo-
rted.
Based on antecedents, it is noted that the role of mycotox-
ins in plant disease has been controversial. In FHB disease,
there are diverse interactions between wheat genotypes and
pathogen isolates, which makes it difficult to understand
completely the role of DON in the pathogenesis.The different
mechanisms of resistance of wheat would be in relation to
the difficulty in interpreting DON concentrations detected
in the infection [35]. Kang and Buchenauer [7] observed
histologically by immuno-gold localization of DON in wheat
spikes that its concentration at initial stage was probably too
low to interfere with the initial infection process.
Jansen et al. [13] using modified wheat genotypes and
microscopic techniques analyzed the temporal patterns of
infection by F. graminearum and determined that DON is not
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a factor involved in initial infection, suggesting the critical
role of enzymes in this phase.
Although the results obtained determined that numerous
isolates had high enzymatic activities related to infection
process, what is remarkable is the isolate number 1 for its
production, which had also high toxicogenic capacity, so it
could be selected for further research on the evaluation of the
disease on different wheat genotypes.
5. Conclusion
Since FHB is one of the most devastating diseases on wheat
that alter the yield and quality of the grain worldwide, an
earlier characterization of Fusarium graminearum isolates
regarding to aggressiveness components such as enzymes and
mycotoxins production would be useful as selection criteria
for further investigation tending to help disease control. This
would be the first study that reports simultaneously both,
the in vitro enzymatic activity and the DON production as
estimative of isolates aggressiveness.
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